Herein we report on the room-temperature spontaneous growth of Ga freestanding nanoribbons from Cr 2 GaC surfaces. An oxidation-based model is proposed to explain the growth of the nanostructures. The nanoribbons present a unique opportunity to study the behavior of electrons confined to two dimensions. The production of these Ga nanostructures could be the first step in the manufacture of gallium arsenide or nitride devices with enhanced characteristics for photonic, electronic, and catalytic applications.
Nanoribbons have recently attracted some attention due to their potential application in photonics and electronics. These reports have mainly focused on oxides such as ZnO, 1,2 gallium nitride, 3, 4 fullerenes C 60 , 5 and the semiconductor Se. 6, 7 As far as we are aware, there is no report on metal-based nanoribbons in the literature. In this work, we report on our discovery of the spontaneous growth of Ga-based freestanding nanoribbons from polished and fractured surfaces of the ternary compound Cr 2 GaC.
Predominantly single-phase samples of Cr 2 GaC, containing ∼1 vol% free Ga, uniformly distributed along the grain boundaries were fabricated. Commercial Cr powder (99.99%, −325 mesh), graphite powder (99%, −300 mesh), and Ga pellets (99.99%, 3 mm) (all from Alpha Aesar, Ward Hill, MA) were mixed in stoichiometric proportions, ball milled for 1 h, and sealed in borosilicate glass tubes under mechanical vacuum. The tubes were heated to 650°C for 10 h, which resulted in their collapse and allowed the powders to pre-react. The tubes were placed in a hot isostatic press heated at 10°C/min to 650°C , followed by heating at 2°C/min to 750°C. The chamber was pressurized with Ar gas to 70 MPa, further heated at 10°C/min to 1200°C, and held at temperature for 12 h.
Differential scanning calorimetry measurements established the presence of ∼1 vol% Ga. 8 From the fractured surfaces, the Ga thickness between grains was estimated to be ∼0.1 m. Polished and fracture surfaces were observed with a scanning electron microscope (SEM; FEI, XL30S, Hillsboro, OR) equipped with an energy dispersive spectrum (EDS) analyzer and an electron backscattering patterns (EBSP) detector. A JEOL 2010F (Tokyo, Japan) transmission electron microscope (TEM) with FasTEM control system, operated at 200 kV, with a point-to-point resolution of 0.23 nm, was used for TEM analysis. An in situ TEM video was recorded to demonstrate the motion of liquid Ga under the electron beam. These nanoribbons must be exceedingly thin because they are transparent to both secondary and backscattered SEM electrons [Figs. 1(c), 1(f)-1(i), 2(a), 2(c)]. Viewed edge-on [ Fig. 1 (e)] their thickness was estimated to be at most 10 nm. According to electron backscattered diffraction (EBSD), the nanoribbons were either amorphous or nanocrystalline. Their volume could also be insufficient to produce a measurable signal. When viewed in the TEM [ Fig. 3(a) ], however, the images started moving, indicating the presence of a fluid. Notably, this fluidassumed to be molten Ga-did not spill out, or spherodize, strongly suggesting it is contained in an oxide skin. Consistent with this view is the fact that the ridge seen at the bottom of the micrograph-which we presume it to be part of the oxide skin-did not "melt" or move with time. After a few minutes under the beam, the image stopped "moving" and high-resolution TEM micrographs indicated the presence of lattice planes, with a spacing of ∼2.8 Å [ Fig. 3(b) ], that we believe are Ga (102) planes. It thus appears that exposure to the electron beam resulted in the solidification and crystallization of the Ga in the ribbons. The fact that Ga has a strong tendency to supercool-by as much as 35 K in some cases-is fully consistent with our findings. 9, 10 In the remainder of this paper, we propose a model for the growth of the nanoribbons. When, upon fracture, a pre-existing Ga layer-or one that spreads onto the basal planes as a result of fracture [ Fig. 4(a) ]-is exposed to oxygen, this layer rapidly oxidizes to form an ultrathin outer oxide skin. What follows is believed to depend on the rate at which the Ga arrives to the growing surface. If the Ga flux is rapid, microbundles (not shown here) are observed to grow normal to the Cr 2 GaC basal planes. If the Ga flux to the surface is slow or limited, oxygen diffusion down the Ga/Cr 2 GaC interface results in the formation of a second skin that encapsulates the Ga into a ribbon [ Fig. 4(b) ]. In most cases, this causes the ribbons to dewet and stand freely [right hand side, Fig. 4(b) ]. Direct evidence for dewetting can be seen in Fig. 2(c) and its inset. To produce the ∼280-m-long ribbon shown in Fig. 1(i) , the ribbon would have had to grow parallel to the surface [left side in Fig. 4(b) ].
Because the ribbons are no longer wetting the basal planes, the driving force for their continued growth cannot be surface energy reduction. In that case, the most likely driving force is oxidation. We also note that while the ribbon is growing at its base, the oxide skin must be forming on the same time scale and conforming to it. The following observations are consistent with our model. At ∼0.98 of its melting point (MP) and the huge Ga surface areas involved, it is remarkable that the nanoribbons do not spherodize. This observation is crucial and implies that the increase in surface energy is more than compensated for by other means. It also implies the presence of a potent inhibitor to sintering/spherodization, etc. We believe that the thin Ga oxide layer formed is key. The free-energy changes for oxidation are typically two orders of magnitude greater than those for sintering. 11 We thus postulate that the driving force for the growth of nanoribbons is essentially an oxidation reaction. In other words, Ga-Ga bonds are replaced by Ga-O bonds. (At 25°C, the heat of formation of ␤−Ga 2 O 3 is ∼1080 kJ/mol). Note Ga rapidly forms Angstrom-thick oxide films at room temperature. 12 Along the same lines, we have recently shown that oxidation is responsible for the spontaneous growth of soft metal (e.g., In, Sn, Pb, etc.) whiskers, solving a 50+ year old mystery. 13, 14 The fact that passing a TEM electron beam through the nanoribbons does not melt but solidifies them is remarkable and implies extremely high rates of heat transfer which must be related to the enormous surface-tovolume ratios involved and their freestanding nature. The thermal conductivity of Ga along the b-axis is 88 W/mK. 15 It is nontrivial to obtain freestanding, non-planar ultrathin films of metals, especially supercooled ones. Herein we show that such films can be grown, rather easily, in lateral dimensions that are easy to work with. Consequently, the nature of the liquid to solid transition-confined to two dimensions-and its effect on properties can now be experimentally explored.
Lastly we note that Cr 2 GaC is but one of a family of 50+ ternary compounds, the M n+1 AX n (MAX) phases (where M is an early transition metal, A an A-group element, X carbon or nitrogen, n ‫ס‬ 1 to 3). 16 It is thus possible that freestanding nanoribbons of Al, As, In, Sn, and Pb, among others can be grown at room or slightly higher temperatures. If the physics holds at even higher temperatures, it may even be possible to template and Rapid Communications grow Si and Ge nanoribbons. These comments notwithstanding, it is clear that more work is needed to better understand and control the growth of the structures described herein.
